**Specification Table**Subject Area:Environmental ScienceMore specific subject area:Diagnostics of Cultural Heritage, multi-modal data fusionMethod name:PCA-based method for managing and analyzing single-spot analysis referenced to spectral imaging for artworks diagnosticsName and reference of original method:*NA*Resource availability:<https://github.com/giacomomarchioro/spolverro>

Method details {#se0155}
==============

Background {#sec0005}
----------

During the diagnostic campaign different nondestructive techniques are used for investigating the artwork \[[@bib0005], [@bib0010], [@bib0015], [@bib0020]\]. We can distinguish between systems that are able to acquire images (imaging systems) and systems that are able to acquire only a single spot for each measurement, e.g. spectroscopy systems. In this method we call the latter single-spot systems, where we mean by "spot" the sampling area, i.e. the area and the associated volume of the artwork from which most of the analytical signal is collected. Even though in recent years researchers have been developing many spectroscopy scanning systems able to scan relatively large areas (in the order of the square metre), these systems are often expensive and not commercially available. Furthermore, in case of large artworks (such as frescos and large canvas paintings) the time required for scanning the entire surface is often prohibitive. In the current praxis, imaging techniques comprising multispectral and hyperspectral cameras are used for exploring large areas, while, instead, hand-held and portable spectrometers are often used in a limited number of selected points for gathering further information. The management of the different data collected using the various techniques is crucial for taking full advantage of the information contained. But actually, conservators and conservation scientists often lack the required computer literacy for combining and analyzing heterogeneous datasets.

In this context, we propose a method and its practical implementation for fusing and analyzing the data collected from analytical single-spot systems mapped to spectral imaging stacks. The procedure was originally developed to support the analysis of spectroscopy and imaging data routinely acquired during the diagnostics of ancient artworks in the museums of Venice \[[@bib0025]\], then it was standardized and, here, released as available resource.

The need to perform the method in a reproducible way, for example, by using programming languages to write all the steps of the analysis as reproducible script, may limit the adoption of the method to specific users. Hence, in parallel with the implementation of the method using scripts we show an alternative practical solution based on using software with graphical user interface (GUI). Geographical information systems (GIS) can be used effectively in the management of the data collected during the diagnostic campaign on artworks \[[@bib0030]\]. Because of the wider user community, GIS are generally stable and mature and can be used as an alternative to *ad hoc* solutions for Cultural Heritage \[[@bib0035]\]. Cultural Heritage operators and scholars using GIS are facilitated by the GUI, however, because of the many functionalities of this software, they often need to be guided step by step.

General procedure {#sec0010}
-----------------

The general procedure to design data management and analysis in artwork diagnostics can be summarized in the steps in [Fig. 1](#fig0005){ref-type="fig"}. In the first phase, imaging systems are used for exploring a large area or the entire area of the artwork. If the acquired images are distorted, it is preferable to perform the correction of the distortion before proceeding with the following steps. In the second phase, the conservation scientist performs a first analysis of the data and plans together with conservators and art historians further investigations based on using, for example, single-spot systems as portable X-ray fluorescence (XRF), FT-IR, and Raman spectrometers. During the acquisition, the position of the measurements performed with the single-spot technique is recorded and eventually mapped to the imaging data. At this stage, the heterogeneous data collected from imaging and single-spot techniques can be fused in a single dataset. Based on the position of the referenced single-spot measurement and on the estimated sampling area of the single-spot technique ([Fig. 2](#fig0010){ref-type="fig"}), the software extracts the pixels of the imaging technique enclosed in the boundary of the spot and computes the average of the pixel values belonging to the same multispectral channel. The result is a data matrix *p x n*, where *p* indicates the number of rows representing the observations, equal to the number of spots collected, and *n* indicates the columns containing the values of each single-spot analysis and the respective averaged multispectral imaging values. In the last phase, the final data matrix can be analyzed using multivariate analysis. In this method, we propose principal component analysis (PCA) for extracting meaningful information from the data fusion process and validating the procedure.Fig. 1A diagram illustrating the steps of the method.Fig. 1Fig. 2Illustration of sampling area and associated experimental surface for the single-spot analysis. In the application shown, the side of the outlined internal square is approximately 3 mm; the sampling area is typical of XRF handheld spectrometers.Fig. 2

Software needed {#sec0015}
---------------

The general procedure described in the previous section has been implemented by taking advantage of available free and open-source tools and the developed code is made available as a Python module, that we called SPOLVERRO. For implementing the software we used Python 3.6 programming language, together with third-party open-source scientific libraries to make the workflow automated and more reproducible. The Python Shapefile Library (PyShp v.2.1) is used for reading the shapefile vector data format, while raster data (i.e. imaging data) are processed using the Rasterio library (v. 0.10) \[[@bib0040]\], which is based on the Geospatial Data Abstraction Library (GDAL) \[[@bib0045]\] by the Open Source Geospatial Foundation. For the analysis of the data we used the NumPy and the SciPy library, together with the scikit-learn library \[[@bib0050]\] for computing the PCA. The Matplotlib library \[[@bib0055]\] is used for plotting the outputs.

Regarding the alternative implementation of the method based on GIS software, we choose QGIS (version 2.16 Nødebo or greater), a free and open-source multiplatform software with a wide community of users able to provide support. QGIS can be used for performing the first four steps of the procedure ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 3A screenshot of a QGIS project, where XRF measurements are mapped to multiple raster images over a large mural painting by Veronese (Venice, San Sebastiano church).Fig. 3

Hardware needed: imaging and single-spot instruments {#sec0020}
----------------------------------------------------

To apply the method it is needed at least one imaging technique and one single-spot technique for performing the measurements. The method presented is more effective when multispectral or hyperspectral imaging systems are combined with portable or handheld spectrometers, as shown. However, the method can in principle be applied also with systems that record a limited number of bands or variables. The method, as reported here, assumes that the imaging technique has a spatial resolution equal or higher than the single-spot technique. However, it can be applied also with imaging techniques with lower spatial resolution assuming a certain homogeneity of the artwork material.

Step 1 -- acquisition and correction of the imaging data {#sec0025}
--------------------------------------------------------

The first step consists in acquiring the imaging data. It is preferable to correct any distortion of the images to ensure a correct referencing of the acquisitions collected using the single-spot techniques. The distortions can be corrected using specific software, otherwise, if ortho-photos are available as ground truth, the images can be registered manually using control points and the "Georeferencer Plugin" of the QGIS software. If the imaging systems output the images in a format not readable by QGIS, the GDAL drivers can be used for converting the multispectral or hyperspectral image stack to a suitable format e.g. geoTIFF or .lan. If we assign a projection when importing the data in GIS, we must be sure to use a planar projection e.g. EPSG: 32632 and not to select ellipsoidal measurements.

Step 2 -- planning of the single-spot analyses campaign {#sec0030}
-------------------------------------------------------

After the acquisition of the imaging dataset a first inspection of the images collected is propaedeutic to the successive step. In this case, false-colour composite imaging is often helpful for identifying together with the conservators and art historians the problematic areas (for example, addressing question such as detecting original or restored areas of the artwork) and guiding the following sampling using single-spot analyses. There are many strategies for facilitating this process, for example, a vector layer in the GIS software can be created for storing the positions where the analysis will be performed. This planning step is very important in case the single-spot instrument is not at disposal for the duration of the entire diagnostic campaign and hence the time (and cost) of measurements must be optimized.

Step 3 -- acquisition and mapping of the single-spot analyses {#sec0035}
-------------------------------------------------------------

The position where the single-spot measurements are acquired must be recorded accurately. If mechanical positioning systems or optical tracking systems are available, they can be used for assigning automatically the position to each spectrometry measurement relative to the images coordinate reference system. Otherwise, GIS software can be used for creating a new vector layer and the operator can reference manually the single spot-measurements to the imaging data previously imported. It is a good practice to take photos during the acquisition and establish a unique ID for each measurements to ensure the correct referencing of the single points. In this way, we can store the position of the points (for instance, as a shape file) and later join the corresponding single-spot analysis data. This can be done by exporting the spectroscopy data in a common format e.g. csv and by importing it as an attribute table, which can be joined with the shape file using the built-in QGIS "join feature" into the layer properties and the ID as join field. The same procedure can be carried out using the Python Shapefile Library.

Step 4 -- extract the imaging data within the sampling area of the single-spot technique {#sec0040}
----------------------------------------------------------------------------------------

For creating a new matrix containing both the single-spot analyses and the corresponding signal recorded with the imaging techniques in the same position, for each location of the single-spot analyses the corresponding imaging values must be extracted. For performing this task, the sampling area of the spectroscopy technique used must be previously estimated. The imaging data within the sample area are extracted and averaged for each spectral channel or band of the imaging technique. This procedure can be implemented programmatically using Python and Rasterio. In this case, we approximate the sampling area to a square of side equal to the diameter of the sampling area. Knowing the corresponding physical dimension of the pixel in the artwork surface, a grid of points equivalent to the sampling area is calculated. For each point the nearest raster pixel for each channel is extracted. Otherwise, using QGIS, a similar procedure can be carried out using the "Point sampling tool" plugin or the Saga function "Raster Values to Points" (in QGIS v. \> 3.14).

Step 5 -- analysis of the final data matrix {#sec0045}
-------------------------------------------

The final data matrix is composed of a number of rows corresponding to the number of measurements performed with the single-spot technique. Each row is the joint vector comprehending the single-spot analysis data and the corresponding averaged imaging values extracted within the sampling area for each spectral channel or band. In other words, each row is an observation while each column represents a variable. Different preprocessing of the data can be carried out before applying multivariate analysis to the data. However, it might be reasonable to exclude noisy channels before applying further processing. In this method, we suggest using Principal Component Analysis after the standardization of the dataset. The standardization is performed by removing the mean and by scaling to unitary variance the fused dataset. The processing can be carried out via scripts using scikit-learn \[[@bib0050]\], otherwise, for non-Python users, using available free and open-source tools with GUI such as Gnumeric. Eventually, clustering techniques can be used to identify clusters in the score plots obtained with the PCA analysis.

Method validation {#sec0050}
=================

The method has been validated on datasets of an ancient large canvas painting (called *telero*), masterpiece by the venetian artist Carpaccio, collected during the Iperion \[[@bib0060]\] project as presented in our publication \[[@bib0025]\]. In the case study, the multispectral imaging technique is combined with the XRF spectroscopy single-spot technique. A multispectral cube has been collected using a Vis-NIR scanner (16 bands in the visible and 16 bands in the near infrared up to 2250 nm) while a set of 47 spot analyses has been performed using a hand-held XRF spectrometer over the red areas of the painting. To validate the method we first performed the steps 1--4 of the procedure, then we tested the effectiveness of the method for analyzing the two datasets separately and after the fifth step of the procedure that fuses the two datasets together. Once extracted the values for each spot we standardized the Vis-NIR dataset and the XRF dataset separately, we performed the PCA on each dataset, and we evaluated the results against the PCA computed on the two datasets fused in a single representation after the standardization. Previously, each observation was categorized into two groups, one comprising the various mixtures of pigments and labelled using colour depending on the attributed pigment, the other one using different markers representing data collected in a compromised area (circle marker) or not (triangle marker).

The results are shown in [Fig. 4](#fig0020){ref-type="fig"} depicting the score plots of the first three principal components of the PCA performed on the datasets. The score plot of the XRF dataset ([Fig. 4](#fig0020){ref-type="fig"}a) highlights some clusters with different mixture of pigments. The score plot with the first three principal components of the dataset obtained extracting the values from the Vis-NIR multispectral cube ([Fig. 4](#fig0020){ref-type="fig"}b) shows two clusters separated by the first principal component, one representing the compromised pictorial layers and the other one relative to the data collected on the other areas. However, in this case the clusters relative to the pigment mixture are not clear. Finally, the score plot obtained using the joint dataset matrix ([Fig. 4](#fig0020){ref-type="fig"}c) clearly distinguishes the data collected on the damaged areas from the others. Furthermore, we can identify different clusters depending on the pigments used in the pictorial layer.Fig. 4Score plots of the first three principal components of the PCA performed on the XRF spectroscopy dataset (a), on the Vis-NIR imaging dataset; and on the joint XRF--Vis-NIR dataset obtained using our method (c).Fig. 4

Hints {#sec0055}
=====

In general, we must consider that even if the data is referenced on the artwork surface the signal may come from different depths of the pictorial layer, depending on the properties of the materials and the radiation used. Hence, the information retrieved must be considered relative to an unknown portion of volume rather than to the sampling area. The contribution of artwork stratigraphy materials to the collected signal is not easy to determine and generally it varies depending on the radiation wavelength. This issue concerns both the use of analytical single-spot techniques and multispectral imaging techniques.

In step 4, the user may average the imaging data on an area greater than the effective sampling area of the single-spot technique. In general, the size of the area to be averaged should take into account also the error in mapping the single-spot measurement to the raster image.

In step 4, it can be useful to calculate, besides the average, also the standard deviation for each multispectral channel. This can give an insight into the homogeneity of the sampled area. In artworks diagnostics this issue may be crucial due to the high heterogeneity of the materials. If the standard deviation is high, errors in the process of mapping the single-spot measurements to the imaging data may have great influence on the final result.

In step 4, the user should know how the software computes the extraction of the values from the image stack in the sampling area. In particular, it must be clarified if the values are interpolated or are extracted from the nearest pixel. In our case, we extracted the values to the nearest pixel.
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